ABSTRACT. Characteristics of topography, snow, lichen cover, and lichen distribution were compared with habitat use by Snøhetta reindeer (Rangifer tarandus tarandus L.) in central Norway to investigate the role of terrain structure for habitat use within different lichen heath communities. In late winter, density of groups of feeding craters was correlated to indices of terrain ruggedness (TRI) measured at a mesoscale (10 -20 m relief), but not to terrain ruggedness measured at a macroscale (30 -110 m relief). The use of lichen heaths in rugged terrain (TRI > 2.0) was higher than that expected from availability. In rugged terrain, 60 -80% of the lichen heaths had less than 40 cm of snow, compared to only 10 -30% of the lichen heaths in less rugged areas (TRI < 2.0). Rugged terrain types accounted for only 23% of the lichen heath in the study area, and less than 9% of the total area. Available habitat was thus considerably less than that suggested by overall availability of alpine lichen heath. In late winter, ramhardness of snow exceeded 40 kg, and reindeer cratered mainly where snow was less than 20 cm deep. Reindeer selected narrow (15 -25 m broad) and sparsely vegetated ridges with high microtopographic diversity beyond that suggested from availability. Other ridge types with lichen heath were used less than expected from availability. Terrain ruggedness indices may have the potential for estimating the proportion of lichen heath communities that are available in late winter when snow conditions limit availability of forage.
INTRODUCTION
In alpine and arctic regions, reindeer and caribou (Rangifer tarandus ssp.) populations often feed on lichen communities dominated by Cladina and Cetraria spp. during late fall and early winter (Scotter, 1966; Gaare and Skogland, 1975; Thompson and McCourt, 1980; Helle, 1984; Thomas and Hervieux, 1986; Nieminen and Heiskari, 1989 ). This period is usually characterized by soft and shallow snow, which allows for cratering and frequent movement between feeding locations (Pruitt, 1981; Skogland, 1984) . Reindeer and caribou have several physiological adaptations to a low-protein and low-mineral winter diet (McEwan and Whitehead, 1970; Hyvärinen et al., 1977; Staaland et al., 1983 Staaland et al., , 1986 . Unless starvation occurs, they may perform well during long periods of winter when little forage is available (Hyvärinen et al., 1977; Gates et al., 1986; Tyler and Blix, 1990; Aagnes and Mathiesen, 1994) . In late winter, when snow hardness and characteristics that contribute to selection of winter feeding sites, since this may improve understanding of reindeer winter habitat requirements and thus carrying capacities.
The occurrence of windblown ridges indirectly determines the availability of sites with shallow snow cover in winter (Nellemann and Fry, 1995) . The analysis of topography should therefore provide a simple means of determining forage availability. However, little is known about the scales at which terrain ruggedness should be measured to depict forage availability. While reindeer are known to select for lichen heath communities, little is known about how reindeer choose among different ridge types depending upon lichen cover and microtopographic relief within the ridges. The use and preference among different terrain and vegetation types are clearly relevant for management, since this information may help us understand the range requirements of reindeer. In this study, the objective was to provide a better understanding of the relationships between feeding distribution of reindeer, topographic ruggedness, forage availability, and snow conditions. I also sought to describe the different scales at which selection may occur, by analyzing use of both rugged terrain and flatter terrain, as well as use within rugged terrain only, by comparing use of different "ridge" types used by Snøhetta reindeer.
STUDY AREA
The study was conducted during late winter 1993 in the Dovre Mountains in central Norway, where approximately 1000-1500 wild, free-ranging reindeer from the Snøhetta reindeer herd have their winter grounds (Fig. 1) . The herd is regulated mainly through hunting, and has been stable in recent years. The study area included a 50 km 2 area used intensely during winter 1992 -93. The area is a typical alpine environment with considerable variation in terrain structure. Elevation ranges from 1000 to 2200 m above sea level (a.s.l.), with mountain plateaus, rolling hills, glacial deposits, and many ridges and bluffs of varying form and length. The area is dominated by alpine vegetation, ranging from snowbed vegetation to lichen heath communities and barren rock. Terrain more than 1700 m a.s.l. is mostly unvegetated. The area is generally snow-covered from late October to late May. Annual precipitation is approximately 430 mm.
METHODS
Sampling sites were first visited in March 1993, and then revisited during the snow-free season in July the same year. All sampling was done between 1200 and 1700 m a.s.l. Assessment of use and habitat characteristics was done at two levels: (1) selection of terrain types (1 km 2 quadrats); and (2) selection of individual ridges (20 × 50 m sites) within rugged terrain only. snow depth increase (Pruitt, 1979; Duquette, 1988; Collins and Smith, 1991) , reindeer and caribou reduce their movements, move to more exposed sites with lower forage biomass, and increase cratering activity in order to sustain body reserves (Pruitt, 1966; Bergerud, 1974; LaPerriere and Lent, 1977; Thing, 1977; Skogland, 1978) . Competition for food in late winter may limit population size, even if overgrazing has not already occurred (Miller et al., 1975; Reimers, 1977 Reimers, , 1982 Reimers, , 1983a Helle and Säntti, 1982; Skogland, 1983 Skogland, , 1985 Skogland, , 1986 Roby and Thing, 1985) . While the quality of spring and summer ranges is important for the size and weight of Rangifer (Reimers, 1972; Reimers et al., 1983) , estimates of forage availability in late winter may be particularly important for evaluating carrying capacities (Skogland, 1983 (Skogland, , 1985 Gates et al., 1986) .
Lichen heath communities and exposed ridges can be found across the landscape in most parts of arctic and alpine environments. In spite of this, reindeer and caribou are often quite specific in their selection of winter grounds (Henshaw, 1968; Bergerud, 1974; Baskin, 1990) . In recent years, remote sensing has been used to map summer forage, snow cover, distribution of lichen heath communities, and grazing pressure (Tømmervik et al., 1990; Hall et al., 1991; Pearce, 1991) . Vegetation distribution has also been used to estimate carrying capacities for reindeer in different areas, particularly in winter (Skogland, 1986; Tømmervik et al., 1990) . However, distribution of vegetation alone may not provide reliable information on forage availability in late winter, when access is limited by deep and packed snow (Bergerud, 1974; Brooks and Collins, 1984; Nellemann and Fry, 1995) . Beyond reindeer selection of lichen heath communities on ridges with reduced snow cover (Pruitt, 1966; Bergerud, 1974; Thing, 1984; Adamczewski et al., 1988; Tucker et al., 1991) , our knowledge of specific micro-and macrotopographical components that contribute to habitat choice is very limited. It is important to identify the combined terrain and vegetative 
Selection of Terrain Types
Within the study area, 15 quadrats, each 1 km 2 , were randomly chosen from a grid of 1 × 1 km quadrats that covered the entire winter range. Terrain ruggedness indices (Nellemann and Thomsen, 1994; Nellemann and Fry, 1995) were calculated for each 1 km 2 quadrat on 1:50 000 topographic maps (contour interval 20 m). The index of terrain ruggedness was based on the total number of contour lines (TNC) intercepted along the transect, and total number of fluctuations (TNF) encountered along the same transect. TNF in a terrain surface was defined by the number of separate aspects resulting from occurrence of anti-and synclinals along the transect. An area with considerable changes in relief (many anti-/synclinals) and many contour intercepts has a high value of ruggedness, while smooth terrain has a low value. To reduce the effects of extreme values of either component on index values, the following equation was used to calculate the terrain ruggedness index (TRI):
The index was calculated for each quadrat, with one 1 km long transect placed across the center of each 1 km 2 quadrat so that it intersected the greatest possible variation in relief (Nellemann and Thomsen, 1994; Nellemann and Fry, 1995) . Terrain ruggedness indices were calculated for maps with contour intervals of 10 m, 20 m (mesoscale), 30 m, and 110 m (macroscale) (Nellemann and Fry, 1995) . Thus, it was possible to identify that scale of terrain ruggedness which best reflected reindeer use and habitat characteristics.
In late March, after two weeks without precipitation, all feeding locations (groups of feeding craters with more than five individual craters) were counted within a 1 km belt plot (300 m wide) extending 150 m on either side of the terrain ruggedness transects. Snow depths were recorded within lichen heath communities at 100 random points along each transect and ram-hardness was measured on 25 random points (Skogland, 1978) . Points of measurement were randomized using a 20 × 20 m grid on the 1:25 000 map, divided in the field into 5 m segments. Terrain ruggedness and density of feeding craters were compared using polynomial regression analysis.
All feeding locations were marked on a 1:50 000 fieldbased vegetation map of the area from the Norwegian Institute for Land Inventory (Larsson and Rekdal, 1991) . For practical reasons, the smallest vegetation unit delineated on the map was 1 ha. For simplicity, all lichen heath communities within the 15 quadrats on this map were classified into four "ridge" types on the basis of lichen cover and microtopography: (1) more than 20% lichens with exposed rocks; (2) more than 20% lichens without exposed rocks; 3) less than 20% lichens with exposed rocks; or (4) less than 20% lichen cover without exposed rocks. Coverage of these ridge types within each of the 15 quadrats was determined using a planimeter. The frequency of sites with less than 40 cm snow (Henshaw, 1968; Duquette, 1988; Nellemann and Fry, 1995) within these lichen heaths was related to terrain ruggedness using polynomial regression. This was done to estimate the proportion of lichen heaths with shallow snow cover in different terrain types. The relationship between distribution of the four ridge types and density of groups of feeding craters was assessed using polynomial regression. Use versus availability of ridge types was assessed using the chi-square goodness-of-fit test. When a significant difference was detected, the Bonferroni z-statistic was used to determine which habitat types were used more or less frequently than expected (Neu et al., 1974) . Evaluation of reindeer preferences among the four ridge types was based on available lichen heath, not proportions of the entire study area, since reindeer use was confined to those four types. For all habitat types, the expected occurrence np was greater than five (Thomas and Taylor, 1990) .
Selection among Individual Ridges
Within the four ridge types in rugged terrain used by reindeer, 31 sites (20 × 50 m) were randomly selected using the 20 × 20 m grid on the 1:25 000 topographic map. Terrain, snow, and vegetative characteristics were compared for the 31 sites. Within each site, five plots (5 × 5 m) were randomly selected and coordinates marked. On these plots, Ram-hardness and five snow depths were recorded (Skogland, 1978) . Ram-hardness was measured using a Ram-sonde. To compute an integrated Ram-hardness index (IRH) including both snow depth (∆d, cm) and hardness (H(r), kg) (Pruitt, 1979; Tucker et al., 1991) , the following equation was used:
In July, microtopographic diversity was estimated by measuring the horizontal distance of a 3 m long chain laid in a straight line following the ground surface across the center of each 5 × 5 m plot (Nellemann and Thomsen, 1994) . The difference between chain length and horizontal distance measured thus becomes an index of microtopographic diversity. Additionally, all surface rocks and boulders within the plots were counted and placed in two classes: 1) those with diameters of 20-50 cm and 2) those with diameters greater than 50 cm. The relative use of each site by reindeer was also determined by counting the number of individual pellet groups on all plots. From the center of each plot, the width and length (m) of the lichen community were measured, and a mean for both length and width for the site was calculated.
Within each 5 × 5 m plot, the percent cover of Betula nana, Cladina mitis, C. alpestris, C. rangiferina, Cetraria cucullata, C. nivalis, C. delisei, Stereocaulon paschale, and Alectoria spp. were estimated by counting the number of 10 × 10 cm cells having more than 50% cover out of 100 cells possible on 1m 2 vegetation frames (Wratten and Fry, 1980; Nellemann and Thomsen, 1994) .
Statistical analysis was performed in SIGMASTAT (Jandel, 1992) . Data were subjected to a KolmogorovSmirnov test for normality. For multiple comparisons, a Kruskal-Wallis ANOVA with Dunn's test on ranked data was used. Two-sample situations were compared using MannWhitney tests. Assessments of the relationship between number of feeding sites and terrain ruggedness at different scales was done using polynomial regression; p-values less than 0.05 were considered statistically significant.
RESULTS

Selection of Terrain Types
The number of feeding locations increased with increasing ruggedness of terrain measured at 10 m contours (r 2 = 0.70, p < 0.05) and 20 m contours (r 2 = 0.88, p < 0.01) (Fig. 2 ), but not with terrain ruggedness measured at the macroscale at 30 m contours (r 2 = 0.04, p = 0.54) or 110 m contours (r 2 = 0.05, p = 0.49). Terrain ruggedness measured at relatively fine scales was therefore best for analyzing habitat use. In the following results, only mesoscale ruggedness (20 m relief) is considered.
All feeding locations were in lichen heath communities. Rugged terrain (TRI > 2.0) was used beyond that suggested from availability (p < 0.01). There were no significant differences in the cover of lichen heath communities between rugged (TRI > 2.0) and non-rugged terrain (TRI < 2.0)(p = 0.33, n = 7 and n = 8, respectively). Rugged terrain (TRI > 2.0) accounted for only 22% of the total area vegetated with alpine lichen communities (above 1200 m altitude), and less than 9% of the alpine study area.
The selection of rugged terrain types was directly related to more favourable snow conditions in such terrain. The proportion of lichen heaths having shallow snow cover (less than 40 cm) was highest in rugged terrain (Fig. 3) . In rugged terrain, 50 -80% (95% confidence interval) of the sites in lichen communities had less than 40 cm of snow, while only 10 -40% of the lichen heaths in less rugged areas had snow depths of less than 40 cm (Fig. 3) . Integrated Ram-hardness was significantly lower in rugged terrain compared to less rugged areas (483 ± 11 and 2076 ± 130 kg·cm, respectively, n = 7 and n = 8, p < 0.001), indicating much easier access to forage when both hardness and snow depths were considered. Ram-hardness alone was not significantly different in rugged terrain compared to less rugged areas (TRI < 2.0) (38 ± 5 kg and 40 ± 2 kg, respectively; p = 0.96).
Selection among Individual Ridges
Reindeer used ridges with more than 20% cover and exposed rocks more than would be suggested from availability (Table 1 ). This ridge type had significantly lower snow depth and integrated Ram-hardness (IRH) compared to other ridges with more than 20% cover, but not compared to ridges with modest lichen cover (less than 20%) ( Table 2) . Ram-hardness of snow was not significantly different among any of the ridge types (p = 0.616) ( Table 2) .
Reindeer selected narrow (15 -25 m wide) windblown ridges with high microtopographic diversity caused by many exposed smaller rocks (Table 3) . While narrow ridges generally had the least snow, lichen cover was also lower (Fig. 4a) . However, among these narrow, sparsely vegetated ridges, reindeer selected for those with high microtopographic Neu et al. (1974) . Snow depth (cm) 13 ± 00.0a 1 8 ± 01a 12 ± 02a 63 ± 005b Ram-hardness (kg) 36 ± 02.3a 34 ± 02a 38 ± 03a 40 ± 002a Integrated Ram-hardness 447 ± 16.0a 375 ± 40a 551 ± 51a 2297 ± 151b Number of ridge sites 7 7 7 10 TABLE 3. Topographic characteristics on ridges used by reindeer in late winter in two different lichen cover categories (% cover), with (w) and without (wo) exposed rocks, in Dovre mountains, Norway in 1993.
Ridge type Lichen cover < 20% (w) < 20% (wo) >20% (w) > 20% (wo)
Pellet density (groups ha -1 ) 000 ± 00a 1 00 ± 00a 560 ± 85ba 055 ± 50a Size of ridge:
Length (m) 045 ± 09a 58 ± 13a 059 ± 04aa 287 ± 33b Width (m) 014 ± 02a 13 ± 01a 022 ± 03aa 116 ± 10b Microdiversity (index) 025 ± 02a 06 ± 03b 020 ± 01aa 012 ± 01b No. of rocks or boulders per 100 m 2 : 25 -50 cm diameter 124 ± 11a 16 ± 03b 054 ± 05bc 011 ± 03b > 50 cm diameter 036 ± 07a 02 ± 01b 005 ± 02ba 002 ± 01b Number of ridge sites 7 7 7 10 1 Different letters indicate significant difference (p < 0.05) using Kruskal-Wallis ANOVA with Dunn's test.
diversity, where lichen cover was more protected, and biomass relatively higher (Fig. 4b) . Used ridges had relatively higher occurrence of Cetraria nivalis, although cover was relatively low (Table 4) . However, cover of lichens on Cetraria nivalis dominated sites was not significantly related to pellet group density (r 2 = 0.38, p < 0.29), since only narrow communities with C. nivalis in rugged terrain were used. Reindeer apparently therefore firstly selected narrow ridges, and within these ridges those with Cetraria nivalis. Cover estimates generally reflected the biomass well (r 2 = 0.97, p < 0.01) (Fig. 5) .
DISCUSSION
Reindeer selected lichen heath communities located in rugged terrain, measured at the mesoscale, where forage availability was highest. This corresponds with the findings of Bergerud (1974) and Nellemann and Fry (1995) . Rugged terrain, however, constituted only about one-fifth of the total area vegetated with lichen heath. Dahl (1956) reported snow depth varying from 0 to 140 cm within Cetraria and Cladina lichen heath at high elevations, confirming that great variation in forage availability exists within these vegetation types. Density of feeding craters was not correlated to distribution of lichen heath, but was correlated first to rugged terrain, and then to availability of lichen heaths. Within rugged terrain, reindeer locally selected narrow ridges with high microtopographic diversity. The relatively small number of groups of feeding craters (n = 27) in this type of habitat likely resulted in an underestimation of reindeer preferences for these habitats (Thomas and Taylor, 1990) , since the craters represented several hundred reindeer. The groups of feeding craters were considerably larger on preferred ridges, which was reflected in the high density of pellet groups on preferred ridges (Table 3 ). The preference for rugged terrain and selection of ridge types based on microcharacteristics support the hypothesis that in late winter forage is much less available than distribution of general lichen heath communities would suggest.
Reindeer preferences could only be detected when terrain ruggedness was measured at fine scales. Hence, suitable rugged terrain may occur within mountain plains, on plateaus, or in the more mountainous and steep areas, which explains why reindeer can be found in all of these landscape types (Nellemann and Fry, 1995) . Selection of rugged terrain, measured at a mesoscale, within these general landscape types may explain why reindeer are rather specific in selection of their winter grounds, despite the availability of other landscapes, apparently similar at coarse scales. Several winter grounds have been shown to have distinctly rugged terrain, measured at a mesoscale, when compared to low-use areas (Nellemann and Fry, 1995) . These patterns emerged despite substantial differences in the general landscape types among high-use portions, and in spite of relatively similar distribution of lichen heaths in high and low-use portions of the winter grounds (Nellemann and Fry, 1995) . Within the winter grounds, reindeer may utilize large lichen communities with high biomass during fall and early winter, when snow is shallow and soft. When snow hardness increases in late winter, reindeer select narrow ridges, where snow is more shallow. However, selection of feeding sites among narrow ridges is influenced by Betula nana 3 ± 1a 1 3 ± 1a 05 ± 1a 04 ± 1a Total lichen 7 ± 1a 9 ± 2a 20 ± 2b 86 ± 2c Cetraria nivalis 5 ± 2a 7 ± 2a 17 ± 2b 21 ± 2b C. delisei 0 ± 0a 0 ± 0a 05 ± 2b 12 ± 6b Cladina rangiferina 0 ± 0a 0 ± 0a 00 ± 0a 01 ± 0a C. mitis 0 ± 0a 0 ± 0a 00 ± 0a 41 ± 8b C. alpestris 0 ± 0a 0 ± 0a 00 ± 0a 33 ± 8b Alectoria spp.
1 ± 0a 0 ± 0a 02 ± 1a 01 ± 1a Stereocaulon paschale 0 ± 0a 0 ± 0a 00 ± 0a 04 ± 2a microcharacteristics. Many small rocks and microtopographic diversity create small snow traps, thus protecting lichen cover from frost and wind, and favouring its growth (Benedict, 1991; Sonesson et al., 1994) . In addition, shallow snow on narrow ridges reduces energy expenditures associated with cratering and locomotion (Thing, 1977; Telfer and Kelsall, 1979; White, 1985, 1987) . Avoidance of ridges with a high density of larger boulders is not clearly understood, although these ridges also had relatively low lichen biomass. Avoidance could represent predator avoidance (Helle et al., 1990) , since such ridges provide little overview, but the study did not adequately address this issue.
The low biomass on narrow ridges relative to large alpine communities has implications regarding remote sensing of reindeer winter habitats. Ridges that are only 15 -25 m wide seldom show on satellite imagery, e.g. LANDSAT TM5 (30 × 30 m pixels) or on SPOT (20 × 20 m pixels), unless ridges are very long (Richards, 1993) . However, when measured at a mesoscale, narrow ridges are usually represented, making it possible to map distribution of lichen heaths relative to terrain ruggedness and, hence, predict late winter forage availability.
Forage estimates based solely on remotely sensed distribution of alpine communities may thus seriously overestimate carrying capacity in late winter, when forage availability is most limited. Such mapping should therefore be used primarily for estimating forage availability in fall and early winter, when even those types of lichen communities on large ridges are generally available. During early winter, forage estimates based on vegetation distribution may also be improved if integrated with remotely sensed information regarding coarse level terrain features, such as may be identified using special techniques for interpretation of satellite imagery (Albregtsen and Gulbrandsen, 1990) . Integration of remotely sensed vegetation distribution with terrain ruggedness indices may enable a more accurate assessment of late winter reindeer carrying capacities by defining that proportion of lichen heath that is actually available in rugged terrain. The carrying capacity must further be evaluated in relation to body condition of reindeer and availability of spring and summer forage (Reimers, 1972 (Reimers, , 1977 Reimers et al., 1983; Nellemann and Thomsen, 1994) , although good access to forage during late winter likely is a prerequisite for successful replenishing of body resources during summer (Helle and Kojola, 1994) .
The often scattered distribution of preferred patches of rugged terrain emphasizes the importance of reindeer having unrestricted travel across the landscape, and stresses the need for undisturbed access to forage for the reindeer (Reimers, 1980 (Reimers, , 1983b Helle and Särkelä, 1993) . Strong preference by reindeer for an apparently small percentage of available habitat with a scattered distribution within their winter grounds, suggests that reindeer may be particularly vulnerable to fragmentation and disturbance in their habitats by tourism, roads, powerlines, and pipelines (Helle and Särkelä, 1993; Nellemann and Cameron, 1996) .
